Abstract: A fast-reconfigurable and actively-stabilized fiber-optic interference lithography system is demonstrated in this paper. Employment of fiber-optic components greatly enhances the flexibility of the whole system, simplifies its optical alignment, and suppresses the interference of mechanical vibrations. Active stabilization is implemented in the system and evaluated through modeling and experiment. We demonstrate 3-inch-diameter waferscale patterning of 240-nm-period grating lines with a sub-50-nm linewidth and an aspect ratio over 3. Two-dimensional patterns of different geometries and dimensions are also demonstrated to show the versatility of our system.
Introduction
Interference lithography (IL) is a widely adopted method to create dense, periodic nanoscale patterns without masks. Periodic nanopatterns created by IL can be further transferred to semiconductor substrates or other functional materials for device applications [1, 2] . Through this process, IL has demonstrated promising and versatile applications in the fabrication of display panels [3, 4] , surface-enhanced Raman sensing substrates [5] , solar cells [6] , and magnetic storage devices [7] , just to name a few. Guided by IL-patterned structures, selfassembly of nanomaterials can achieve a much improved long-range order [8] . Particularly, IL has been used to fabricate master molds for nanoimprint lithography to fully unleash its potential in large-area, high-throughput nanomanufacturing [9, 10] .
IL has been developed in various configurations. Lloyd's mirror type IL [11] [12] [13] is the most adopted configuration, where half of the wavefront of the beam is reflected by a mirror to overlap with the other half on the photoresist to form interference fringes. However, the patterning area in this configuration is typically a few cm 2 large, which is mainly limited by the mirror size and the beam intensity profile. Wafer-scale patterning mostly uses amplitudedivision configurations, in which coherent sub-beams are generated using beam splitters and overlap to form interference patterns in photoresist. However, since the sub-beams travel in different paths, random variation in their relative phase difference caused by environmental disturbance may lead to interference pattern drifting that deteriorates the pattern contrast.
Most IL systems with amplitude-division configurations use free-space optics with precise alignment. Although multi-beam amplitude-division IL has demonstrated high-quality patterning over wafer-scale area [14] , its free-space optics makes its setup, alignment, adjustment, and stabilization very challenging and usually can only be established by highlyskilled experts. Fiber-optic components have been used to replace free-space optics for reduced operation complexity and improved compactness of the system [15, 16] . However, employing fiber-optic delivery of coherent light in amplitude-division multi-beam IL systems is still challenging, because light propagation in optical fiber experiences randomly varying phase delay due to temperature variation, which adversely affects the pattern contrast [17, 18] .
In this paper, we demonstrate large-area patterning using fast-reconfigurable and activelystabilized amplitude-division fiber-optic interference lithography (FOIL) setup. Pattern drifting caused by temperature-sensitive phase delay variation and its stabilization using close-loop feedback are investigated using experiments and modeling. As demonstrations, we patterned versatile one-dimensional and two-dimensional structures over wafer-scale area, including 240-nm-period lines with a linewidth of 40 nm and an aspect ratio over 3, and pillars and holes of various dimensions and geometries. By employing an automatic sample stage, we also achieved step-and-repeat exposure over scalable, large area with 2-cm-by-2-cm exposure fields that can be independently controlled. These results show strong potential of multi-beam FOIL systems in high-quality, large-area nanopatterning.
Two-beam Fiber-optic Interference Lithography (2-FOIL) Setup
The schematic the 2-FOIL system is shown in Fig. 1(a) . A single-mode single-frequency 405-nm diode laser (Ondax Inc., USA) is coupled to a customized polarization-maintaining fiber splitter through collimating optics. The laser beam is split into two coherent sub-beams, which emit out of two single-mode optical fiber cables connected to the splitter. The fiber output ports are mounted on two rotatable optical rails, so that the angle between the two subbeams can be adjusted by rotating the rails while the distance from the output ports to the sample is fixed. At the junction of the two optical rails, a vacuum sample holder is mounted vertically to fix the samples during exposure. The sub-beams emit from the fiber ports, expand in free space, and then overlap on the sample stage to form the interference patterns. A photo of one actual 2-FOIL setup is shown in Fig. 1(b) , with the light beams visualized using delayed photography with a moving screen, and Fig. 1(c) shows a photo of 440-nmperiod grating patterned in the photoresist on a 3-inch fused silica wafer using this 2-FOIL setup. This fiber-optic configuration offers a series of benefits by taking advantage of the flexibility of optical fiber. Particularly, the customized single-mode optical fiber and fiberoptic splitter replace free-space optical components that need to be strictly aligned and adjusted. Periodicity of interference patterns now can be easily tuned by rotating the optical rails holding the fiber ports. Single-mode fiber used here outputs an ideal circular Gaussian intensity profile for the exposure. Flexibility of fiber-optic components also helps to suppress the interference of high-frequency mechanical noise in the laboratory environment.
On the other hand, fiber-optic components in the 2-FOIL also introduce new challenges. Thermal fluctuations will cause the phases of the sub-beams to change when passing through the optical fiber due to thermal expansion and the temperature dependence of the refractive index of silica [17] . The overall temperature dependence of the phase delay is calculated to be ( ) 245 / rad C m°⋅ . Since the phases in the sub-beams vary independently and randomly, the interference fringes will exhibit random drifting that deteriorates the pattern contrast. An active stabilization mechanism needs to be implemented to improve the patterning quality.
Enhanced Pattern Contrast by Active Stabilization
Active stabilization of the 2-FOIL system is realized through directly moving one fiber output port using a piezo-actuated stage to compensate the random variation of the phase difference between the two beams. The phase difference variation is detected using an interferometry setup that comprises a plate beam splitter located under the center of the sample holder, and a photodetector placed behind the beam splitter. When the two beams are combined at the beam splitter, the variation of the phase difference between them is converted into light intensity variation and detected by the photodetector. The output of the photodetector is used as the input of a proportional-integral-derivative (PID) control algorithm to generate the highvoltage actuation signal for the piezo-actuator. The random variation of the phase difference is a low-frequency signal because it is mainly caused by thermal fluctuation along the fiber. Sampling and actuation in our active stabilization system are performed at a rate of 1000 Hz.
The light intensity signal detected by interferometry can be used to estimate the contrast of the interference patterns on the exposed photoresist. The intensity profile of the interference pattern on the photoresist is calculated as Eq. (1),
where λ is the laser wavelength, θ is the half angle between the two sub-beams, 0 I is the intensity of the beams incident on the photoresist (assuming the two beams have equal intensities), x is the horizontal distance from the center of the exposure spot, and Obviously, when the active stabilization was on, the two sub-beams had nearly constant phase difference, corresponding to stable patterns in the photoresist. However, when the active stabilization was off, the phase difference had a random distribution that led to drifting patterns. We can further estimate the pattern contrast using the measured phase difference variation, according to Eq. 
where T is the total exposure time, I(x,t) is calculated using Eq. (1) with the extracted relative phase difference ( ) t ∆ϕ , and the maxima and minima values are obtained within one period of the fringe. The pattern contrasts of the exposure without (Figs. 2(a) and 2(b) ) and with (Figs. 2(c) and 2(d) ) active stabilization are therefore estimated to be 0.3830 and 0.9987, respectively.
In Fig. 3(a) , we show intensity profiles of interference grating patterns simulated using Eq. (1) according to experimentally recorded phase differences. Simulated intensity pattern A with the active stabilization, which had a calculated pattern contrast of 0.9877, clearly shows better quality than pattern A', which was exposed without the stabilization and had a contrast of 0.1622. Figure 3(b) compares the corresponding actual exposed interference pattern quality. Silicon substrates with spincoated AZ1500 photoresist (Clariant, Switzerland) were used in the exposure. Atomic force microscopy (AFM) characterization shows that sample A, which was exposed with active stabilization, shows sharper grating patterns than sample A' that had no stabilization during exposure, which is consistent with the simulation results in Fig. 3(a) . Using the actively stabilized 2-FOIL system, we successfully fabricated 240-nmperiod gratings with a 40-nm linewidth and a 130-nm height, corresponding to an aspect ratio of 3.25, as shown in Fig. 3(c) . 
Large-area Patterning of Periodic Nanostructures
The large-area fabrication capability of the stabilized 2-FOIL system is demonstrated by patterning various periodic nanostructures on 3-inch-diameter wafers. SEM images in Fig.  4 (a) were taken on 240-nm-period grating structures on different positions on a 3-inch silicon wafer, exhibiting less than 15% variation of grating linewidth over the whole sample. The increasing linewidth from the center to the edge is caused by the Gaussian distribution of the laser spots exposing on a positive-tone photoresist. In our 2-FOIL system, laser beams emitted from the fiber ports are naturally expanded in free space to cover the whole wafer. Our patterning area is mainly limited by the available lab space, which only allows a beam expansion length of approximately 1 m. With a longer beam expansion length, our system can be used for patterning on larger wafers. The system can be extended to produce twodimensional patterns by exposing the sample more than one time with a rotation angle. As examples, Figs. 4(b) and 4(c) show the SEM images of a dot array and a hole array in the exposed photoresist through double exposure with 90  and 10  rotation angles, respectively. To achieve large-area patterning using our 2-FOIL setup, a step-and-repeat exposure configuration is also adopted. A 2-cm-by-2-cm square aperture is placed in front of the wafer and a timer-controlled shutter covers the opening aperture to set the exposure time. The wafer is placed on a motorized stage. The two laser beams pass through the square aperture and interfere on the sample within the 2-cm-by-2-cm square patterning area when the shutter is open. The motorized stage moves the wafer so that multiple 2-cm-by-2-cm square patterns can be exposed consequently to cover the whole sample. The motorized stage can also rotate the sample to enable patterning of two-dimensional dots and holes. Since our 2-FOIL system is fast-reconfigurable, each patterning area can be independently controlled with set pattern periodicity, exposure time, and pattern shape. Figure 5 shows a 3-inch wafer exposed with 9 patterning fields of two-dimensional pillar arrays of hexagonal lattice with various periods of 500 nm, 900 nm, and 700 nm, and different exposure times, respectively. 
Conclusion
In this paper, we introduce a 2-FOIL system with fast reconfigurability and active pattern stabilization. The system is compact, stable, and versatile, due to the use of fiber-optic components for light delivery and laser beam shaping. An interference fringe stabilization technique that comprises a piezoelectric actuator and an interferometry setup is implemented to achieve high contrast in the exposed patterns. Wafer-scale patterning of 240-nm-period gratings with an aspect ratio up to 3.25 demonstrates the high patterning quality of our 2-FOIL system.
Step-and-repeat exposure is also developed for our 2-FOIL system for waferscale patterning with individually controlled patterning fields of 2 2 × 2 cm size.
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